The rpsA gene, encoding ribosomal protein S1, is located at 20.5 min on the Escherichia coli chromosome. Upstream of rpsA, and separated from it by a 110-bp intercistronic region, a gene specifying a 25-kDa polypeptide of unknown function was identified, and the protein was provisionally referred to as the P25 protein (22) .
The rpsA gene is expressed from three promoters, of which one, P 0 , is located 5Ј of the P25 gene; the two others, P 1 and P 3 , are localized downstream within the coding region of the gene. Since several conditionally lethal mutations have been described for the rpsA region (15) , and ribosomal protein operons often encode proteins involved in the biosynthesis of other types of macromolecules (reviewed in reference 14), we considered the possibility that the P25 gene has an important, if not essential, role.
Recently, it was shown that the gene for the P25 protein, when present on a multicopy plasmid, suppressed the conditional lethal phenotype of certain smbA mutants (suppressor mutants of mukB, a gene that is involved in partitioning of chromosomes prior to cell division [33] ). The P25 gene was therefore designated mssA (multicopy suppressor of smbA). The deduced amino acid sequence of mssA indicated that it was related to a nucleoside monophosphate kinase (32) .
The nucleotide sequence of smbA and its chromosomal location between the tsf and frr genes (33) establish smbA as being identical to the pyrH gene, encoding the essential enzyme UMP kinase (25) . In addition to the highly specific UMP kinase, enteric bacteria contain two other pyrimidine nucleoside monophosphate kinases: a dTMP kinase and a CMP (dCMP) kinase (20) . Conditional lethal mutants defective in dTMP kinase have been isolated and characterized, and the tmk gene is located at approximately 25 min on the E. coli chromosome (2) . Mutants defective in CMP kinase, i.e., cmk mutants, have not been described for E. coli, but cmk mutants of Salmonella typhimurium have been isolated and characterized (1) . The cmk gene is located at approximately 20 min on the Salmonella chromosome, which led us to hypothesize that mssA may be identical to cmk and that CMP kinase may possess a weak UMP kinase activity, which would explain the suppressing effect of the gene in multicopy on the lethality of mutations in pyrH (smbA). In this report, we show that the P25 protein is CMP kinase and investigate the physiological importance of the enzyme by studying the effects imposed by a null mutation in the cmk (mssA) gene.
MATERIALS AND METHODS
Strains and plasmids. The genotypes of the E. coli K-12 strains and of the plasmids used in this study are given in Table 1 .
Plasmid constructions. DNA manipulations were carried out essentially as described by Maniatis et al. (17) . DNA restriction enzymes, T4 DNA ligase, E. coli DNA polymerase (Klenow fragment), and T4 polynucleotide kinase were used as recommended by the suppliers. The final constructions were first analyzed with restriction enzymes and then by dideoxy DNA sequencing (24) across all fusion points, using T7 DNA polymerase (28) and commercial primers. Recombinant clones were selected on rich medium containing the appropriate antibiotics.
Construction of pJFR6, pJFR12, pJFR14, and pJFR29. Transfer of the P25 gene (cmk) from pSP547 to pUC18 required several steps. First, a stop codon was introduced into the lacZЈ reading frame of the vector by filling in the 5Ј overhang of the EcoRI site. Then, the RsaI-RsaI fragment encompassing codon 92 in cmk to just after the coding region of the gene was inserted in the correct orientation into the HincII site of the modified vector. Finally, this latter plasmid was digested with HpaI and SmaI, and the HpaI-HpaI fragment of pSP547 containing the 5Ј end of the cmk gene was inserted. The resulting plasmid, pJFR6 is shown in Fig. 1 . The lacPO-cmk fusion of pJFR6 was transferred as a PvuIIPvuII fragment both to pACYC184 (ScaI-PvuII), yielding pJFR14, and to the low-copy-number plasmid pHSG575 (PvuII-PvuII), yielding pJFR29.
To enable inactivation of the P25 gene (cmk) on the chromosome by gene replacement, we constructed pJFR12, in which the cmk gene is partially deleted by insertion of the kanamycin resistance gene. The size of the deletion had to fulfill several criteria. In the downstream direction, it should not interfere with the promoters P 1 and P 3 , responsible for the major part of transcription of the essential rpsA gene, and in the upstream direction, the deletion should extend to a point that recombination with pJFR14 was precluded. Therefore, the following four regions were combined: (i) the fragment from HindIII to the AhaII site, 61 bp in front of the cmk start codon (in the Ϫ35 region of the P 0 promoter), (ii) the fragment from pUC-4K with the kanamycin resistance gene, (iii) the RsaI-RsaI fragment from codon 92 in cmk to just after the cmk structural gene, and (iv) pUC19 vector from AccI to HindIII. The resulting plasmid, pJFR12, is shown in Fig. 1 . The detailed construction schemes and the DNA sequences for pJFR6, pJFR12, pJFR14, and pJFR29 are available upon request.
Growth of cells. Fully supplemented NY medium (18) and AϩB minimal medium (8) was used. The carbon sources glucose and glycerol were added at 0.2 and 0.4%, respectively. The lac operon was induced with the indicated concentration of isopropylthiogalactopyranoside (IPTG). Where indicated, antibiotics were used at the following concentrations: kanamycin, 20 g/ml; ampicillin, 100 g/ml; chloramphenicol, 20 g/ml; streptomycin, 20 g/ml; and tetracycline, 20 g/ml.
Nucleotide pools. For nucleotide pool determinations, the Tris-buffered medium of Edlin and Maaløe (12) with 0.3 mM phosphate was used. Cells were labeled for at least one generation of exponential growth in this medium containing 32 P i with a specific activity of 33 Ci/mol. A 0.5-ml aliquot of the labeled culture was filtered onto a 13-mm membrane filter (0.45-m pore size), and the filter was extracted with 0.2 ml of ice-cold 0.3 M formic acid. Separation of acid-soluble nucleotides was achieved by two-dimensional thin-layer chromatography on polyethyleneimine-impregnated cellulose as described previously (1) .
Determination of the synthesis of RNA and DNA. A culture of JFR121 (⌬cmk::kan/pJFR29) was grown exponentially for more than three doublings in glycerol minimal medium supplemented with thiamine (0.5 g/ml) and uracil (5 g/ml). At time zero, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]uracil (0.02 Ci/ml) was added, and at various time points, two 0.5-ml samples were taken, one into 1 ml of 0.5 M NaOH for determination of incorporation into DNA and one into 2 ml of ice-cold 5% trichloroacetic acid (TCA) for determination of incorporation into RNA plus DNA. The samples taken into NaOH were incubated for 1 h at 45ЊC, after which 2 ml of ice-cold 10% TCA was added. After 30 min on ice, the precipitate from both samples was collected by filtration on glass fiber filters and washed three times with 5% TCA. After drying, the radioactivity on the filters was measured by liquid scintillation counting.
Kinetics of finishing ongoing rounds of DNA replication. At time zero, initiation of DNA replication was blocked by addition of rifampin (300 g/ml), and then [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]uracil (5 g/ml, 0.02 Ci/ml) was added. Samples were mixed with 0.5 M NaOH, and the incorporation into DNA was determined as described above.
Analysis of the synthesis of individual proteins. One milliliter of culture to be analyzed was transferred to 10 Ci of carrier-free [ 35 S]methionine. After 20 s, unlabeled methionine was added to 100 g/ml, and 2 min later, the sample was harvested in 10 l of chloramphenicol (100 mg/ml). Total cell extracts were prepared and separated by two-dimensional gel electrophoresis as previously described (21) .
Transfer of genetic markers. Hfr matings and P1 transductions by P1vir were done essentially as described by Miller (19) . When transfer of the kanamycin resistance gene was selected for, cells were phenotypically expressed for 90 min before plating on selective media.
Southern hybridizations. Chromosomal DNA was digested with the indicated restriction enzymes, electrophoresed, and blotted to a Hybond membrane (Amersham). Subsequently the membrane was irradiated with UV light to bind the DNA (17) . Hybridization conditions were as previously described (26), using as the probe a 32 P-labeled in vitro transcript of the structural rpsA gene from nucleotides 1020 to 1214 (22) .
Flow cytometry. Samples of the growing culture were transferred to rifampin (150 g/ml) and cephalexin (12 g/ml) to inhibit initiation of replication and cell division, respectively. Incubation was continued for 4 h to allow completion of ongoing rounds of replication. Approximately 10 8 cells were pelleted and resuspended in 100 l of 10 mM Tris-HCl (pH 7.4). The cells were fixed by addition of 1 ml of 77% ice-cold ethanol and then washed and resuspended in 1 mM Tris-HCl (pH 7.4)-10 mM MgCl 2 . Staining of the cells with mitramycin and ethidium bromide and flow cytometry were done as previously described (3).
Enzyme assays. Exponential cultures in AϩB medium with either glucose or glycerol as the carbon source and 0.2% Casamino Acids were harvested and washed with 0.9% NaCl. The cells were resuspended in 0.1 M Tris-HCl (pH 7.8)-10 mM MgCl 2 -2 mM ␤-mercaptoethanol (buffer A), sonically disrupted, and centrifuged. The supernatant was treated with 2% streptomycin sulfate and centrifuged, and the resulting supernatant was dialyzed for 2 h against buffer A prior to being used for assays.
CMP kinase activity was measured at 37ЊC in 30 l containing 75 mM Tris-HCl (pH 7.8), 7.5 mM MgCl 2 , 1.5 mM ␤-mercaptoethanol, 2.5 mM ATP, 1 mM [2-14 C]CMP (specific activity, 0.5 mCi/mmol), and extract containing approximately 10 to 30 g of protein. At 5 and 20 min, 10 l was spotted to polyethyleneimine-cellulose thin-layer chromatography plates, and the plates were developed to 2 cm with methanol followed by 2 M sodium formate (pH 3.4) to 10 cm above the application line. The spots corresponding to CDP and CTP were cut out and counted, and the sum of these counts was used for calculation of the CMP kinase activity. Protein was determined by the Lowry method (16), using bovine serum albumin as the standard.
Nucleotide sequence accession number. The nucleotide sequence shown in Fig. 2 was submitted to the EMBL sequence data bank and has accession number X82933.
RESULTS

Deletion of the P25 gene.
A map of the rpsA region depicting the pertinent restriction enzyme sites and the positions of the three rpsA promoters is given in Fig. 1 . As stated in the introduction, it was possible that the P25 protein was essential. Accordingly, to facilitate deleting the structural gene from the chromosome in order to characterize its function, we constructed pJRF14, wherein expression of the gene was regulated through the lac control region. For this construction, the intervening region from the previously identified upstream HindIII site to the P25 gene (6) was sequenced in order to identify (Fig. 2) . Strain CSH62 was transformed with pJFR12 ( Fig. 1) , and recombination of the deleted P25 gene containing the kanamycin resistance cassette into the chromosome through a double-crossover event was scored following mating to NF172, selecting for resistance to both streptomycin and kanamycin. The bla gene of pJFR12 was used to distinguish between clones containing the desired double-crossover event (Ap s ), and clones in which the plasmid was crossed into the chromosome by a single crossover (Ap r ). Since at this point it was not known whether P25 was essential, pJFR14 was present in both the donor and recipient, and all strains with potential deletions of the gene were grown in the presence of 0.5 mM IPTG. Five Km r Ap s clones were examined by Southern hybridization analysis for insertion of the Km r cassette into the P25 gene, and one showed a changed fragment pattern (Fig. 3) . The restriction maps for the enzymes HindIII, PstI, and SalI are known for both plasmid pJFR12 and the chromosome (6). The new fragment length seen in Fig. 3 is in accordance with a double crossover between the plasmid and the chromosome. In four independent trials, we were able to obtain such deletion mutants at similar frequencies.
The P25 gene is not essential. The P25 deletion mutant harboring pJFR14 was tested for growth in the presence or absence of IPTG, and no significant difference in growth occurred as a result of not inducing the expression of the plasmid-borne P25 gene. Thus, either the gene was dispensable or basal expression from the repressed lac promoter provided sufficient P25 for growth. We were, however, able to transduce the chromosomal kanamycin resistance marker by phage P1 to both NF172 and MAS72. Since the P1 lysate transferred the Thr ϩ phenotype (to NF172) with about the same frequency as Km r , we concluded that the P25 gene is not essential. Identification of the P25 gene as cmk. The facts that the P25 gene (mssA) in multicopy suppressed the conditional lethal phenotype of smbA mutants (32, 33) , which are, in fact, mutants defective in UMP kinase (pyrH), and that the gene is located at 20 min on the E. coli chromosome were consistent with it being the gene for CMP kinase (cmk), a gene previously identified in S. typhimurium (1) . S. typhimurium cmk mutants were characterized as having high intracellular CMP and dCMP pools and as being resistant to 5-fluorocytidine, provided that the strain was also defective in cytidine deaminase (cdd). Analysis of the intracellular nucleotide pools in JFR70 (⌬cmk) and MAS72 (cmk ϩ ) showed that both the CMP and dCMP pools were elevated in the mutant (Table 2 ). In addition, it was observed that the pools of CTP, dCTP, and, to a lesser extent, dTTP were decreased in JFR70. By using phage P1, the deleted P25 gene containing the Km r cassette was transduced into the cdd mutant SØ5113, yielding SØ5168. This strain, but not SØ5113, was resistant to 5-fluorocytidine and retained sensitivity to 5-fluorouridine, a phenotype characteristic of cmk cdd double mutants of S. typhimurium. To study the physiology of varying the intracellular level of CMP kinase, a low-copy-number plasmid, pJFR29, was constructed with cmk under lac promoter control and transformed into JFR70, yielding strain JFR121. Measurement of the specific activity of CMP kinase in extracts of MAS72, JFR70, and JFR121 showed that JFR70 was effectively devoid of activity (Ͻ1 nmol of CMP and that an increased level of CMP kinase was found in JFR121 following induction with IPTG (6 and 39 nmol of CMP phosphorylated per min per mg of protein before and after induction, respectively). This result strongly supported the conclusion that the P25 (mssA) gene encoded CMP kinase and thus should be renamed cmk.
Effects of deleting the cmk gene. The growth rate of JFR70 in glucose minimal medium (doubling time, 88 min) was significantly slower than that of its parent, MAS72 (doubling time, 60 min). This may have resulted from a lowered level of ribosomal protein S1, since only two of the three rpsA promoters are operative in JFR70, or alternatively, lack of CMP kinase activity gives a growth disadvantage. The effect of the cmk deletion on growth was further investigated at different temperatures on solid medium. At 30ЊC, JFR70 grew markedly more slowly than MAS72 in both minimal and complete media, and at 14ЊC, growth was negligible.
We analyzed the pattern of individual protein synthesis in MAS72 and in JFR70 growing in glucose minimal medium. The resulting autoradiograms are shown in Fig. 4 . Except for the absence of the CMP kinase protein, the two strains have very similar patterns of protein synthesis, with the only recognizable difference being a change in the relative synthesis rates of the ompC and ompF gene products. From the autoradiograms (Fig. 4) , the amount of CMP kinase in MAS72 was estimated to be 3,000 molecules per cell, approximately onethird the amount of a typical ribosomal protein.
DNA replication rate is reduced in cmk mutants. Overproduction of CMP kinase from the high-copy-number plasmid pJFR6 had an adverse effect on growth rate. To study the physiology of varying the intracellular level of CMP kinase, we used JFR121 carrying the low-copy-number plasmid, pJFR29, with cmk under lac promoter control. The synthesis of cell mass, RNA, and DNA was measured in JFR121 before and after induction of cmk with IPTG (Fig. 5) . Only the synthesis rate of DNA was affected significantly, resulting in a DNA-tocell mass ratio twofold higher than before induction. The increased DNA synthesis was not a consequence of increased protein synthesis, which is the normal response after a shift to a higher growth rate, but indicated that lack of CMP kinase activity might limit replication. As a direct measure of the rate of movement of the replication fork, we sought to measure the kinetics of finishing ongoing DNA replication after inhibition of new rounds of replication by rifampin (i.e., the c time [7] ) in JFR70 and in MAS72. Figure 6 shows that the plateau value is approximately doubled in JRF70, indicating a twofold increased number of replication origins in this mutant, but also indicating that the kinetics are quite similar in the two strains.
A closer analysis revealed an acceleration of incorporation during the first 25 min, which is expected if the pool sizes of dCTP and dTTP increase after rifampin addition as has been observed for the ribonucleoside triphosphate pools following rifampin addition (13) .
The experiment shown in Fig. 6 was done in a strain not requiring uracil. We could therefore not exclude the possibility that the different plateau values were caused by a different specific activity of the internal 14 C-labeled pyrimidine deoxyribonucleoside triphosphates in the two strains. We, therefore, verified that the rate of replication is reduced in cmk mutants by measuring the number of replication origins in individual cells by flow cytometry. This was done before and after induction of CMP kinase synthesis by adding rifampin to samples of JFR121 at various times. After allowing time for the chromosomes to finish replication, the number of chromosomes was determined by flow cytometry. Figure 7 shows the number of a The pools of the purine nucleotides (ATP, dATP, GTP, dGTP, and AMP) were determined and were essentially identical in the two strains. The detection limit is approximately 0.01 nmol/mg of cells.
replication origins at the time of rifampin addition, plotted as the ratio between cells having two origins to cells with one origin. This ratio decreased from approximately 3 to 1 following induction of cmk for a culture with a 120-min doubling time. At this growth rate, a ratio of approximately 1 is expected from the normal c time of 45 min, and the threefold-higher value in the absence of IPTG is as expected for a twofold reduced replication elongation rate.
DISCUSSION
The gene located immediately upstream of the rpsA gene of E. coli (recently designated as mssA [33] ) has been specifically identified as the cmk gene encoding CMP (dCMP) kinase on the basis of the findings that a null mutation in the gene results in loss of CMP kinase activity and imparts the same phenotypic properties described for cmk mutants of S. typhimurium (1), namely, intracellular accumulation of CMP and dCMP and resistance to 5-fluorocytidine but sensitivity to 5-fluorouridine in a cmk cdd double mutant. An alternative interpretation, that the gene may encode a regulatory macromolecule required for expression of cmk, is discounted because of the complete absence of CMP kinase activity in the null mutant and the sequence similarity of the gene product to other nucleoside monophosphate kinases (32) . Furthermore, the intracellular concentration of the protein, in the order of 3,000 molecules per cell, indicates that cmk does not encode a regulatory protein. Figure 8 summarizes the biochemical pathways of pyrimidine nucleotide interconversion which are relevant for the present discussion. As well as being precursors for RNA and DNA, CTP and dCTP are required for phospholipid biosynthesis. As a result of hydrolytic mRNA turnover and as a by-product of lipopolysaccharide and phospholipid synthesis, CMP and dCMP are generated during normal growth, and reutilization for the synthesis of CTP and dCTP is dependent on a functional CMP kinase. Accordingly, cmk mutants accumulate CMP and dCMP intracellularly ( Table 2) . A most intriguing phenotype resulting from the absence of CMP kinase activity pertains to the twofold increase in the c time of DNA replication. This decrease in the rate of replication fork movement is probably due to the reduction in the intracellular concentration of dCTP. Similar effects have been observed previously in thy mutants of E. coli; in this case, a reduction in the c time was observed under thymine starvation conditions, i.e., low dTTP pools (23, 34) . This raises the following question: why is the dCTP pool lowered in the cmk mutant? The enzyme responsible for the generation of deoxyribonucleotides in aerobically growing E. coli is ribonucleoside diphosphate reductase, which catalyzes the reduction of all four naturally occurring ribonucleoside diphosphates to the corresponding 2Ј-deoxyribonucleoside diphosphates. Whereas ADP, GDP, and UDP are intermediates in the biosynthesis of their corresponding triphosphates, this is not the case for CDP, as CTP arises directly from UTP. It has been assumed that the CDP required for dCDP synthesis was derived from CTP by reversal of nucleoside diphosphate kinase, but this has not been confirmed experimentally (20) . A plausible alternative route for CDP synthesis would be the phosphorylation of CMP derived from the hydrolytic turnover of mRNA and from phospholipid synthesis. The present finding of low dCTP pools in the cmk mutant suggests that this route is of significant physiological importance. The slight lowering of the dTTP pool (Table 2) may be a direct result of the low dCTP pool, since the majority of dTTP is derived from dCTP through a multistep pathway (20) . The inability of the cmk mutant to recycle CMP must be compensated for by a greater de novo synthesis of CTP through CTP synthetase. In accordance with the known regu- latory properties of CTP synthetase (20) , the lowered CTP pool and the increased UTP pool observed in the cmk mutant (Table 2) would favor increased CTP synthetase activity. The amino acid sequences of E. coli UMP kinase (pyrH [25] ) and CMP (dCMP) kinase share no homology, suggesting that these two pyrimidine nucleoside monophosphate kinases belong to separate groups of nucleoside monophosphate kinases. In contrast, Bacillus subtilis contains only one pyrimidine ribonucleoside monophosphate kinase with specificity toward both UMP and CMP (31) . This difference may be related to a lower requirement for CMP kinase activity in B. subtilis, since mRNA degradation has been reported to be largely phosphorolytic rather than hydrolytic in this organism (4, 10, 11) . Phosphorolytic degradation of mRNA, catalyzed by polynucleotide phosphorylase, results in the formation of nucleoside 5Ј diphosphates, i.e., CDP.
The lowered CTP and dCTP pools may be expected to interfere with phospholipid synthesis. Perturbation of cell membrane synthesis in the cmk deletion mutant is indicated by the altered relative synthesis rates of the ompC and ompF gene products and by the cold-sensitive phenotype observed by us and others to be associated with cmk (mssA) mutations (1, 32, 33) . How these observations might relate to the fact that the composition of membrane phospholipids changes with temperature (9) is presently unknown.
During this work, the region upstream of cmk was sequenced and found to contain an open reading frame of at least 120 codons (Fig. 2) . A search in sequence data banks showed that 86 amino acids in this open reading frame have 50% identity and 90% homology to an uncharacterized protein in the E. coli speB operon (27) . In the region between this gene and cmk, no rho-dependent transcription terminator sequence is apparent, and cmk and rpsA might, therefore, be transcribed from more than the previously characterized promoter(s).
